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RNA vaccines have become a key tool in moving forward through the challenges raised both 
in the current pandemic and in numerous other public health and medical challenges. With 
the rollout of vaccines for COVID-19, these synthetic mRNAs have become broadly 
distributed RNA species in numerous human populations. Despite their ubiquity, sequences 
are not always available for such RNAs. Standard methods facilitate such sequencing. In this 
note, we provide experimental sequence information for the RNA components of the initial 
Moderna (https://pubmed.ncbi.nlm.nih.gov/32756549/) and Pfizer/BioNTech 
(https://pubmed.ncbi.nlm.nih.gov/33301246/) COVID-19 vaccines, allowing a working 


assembly of the former and a confirmation of previously reported sequence information for 
the latter RNA. 


Sharing of sequence information for broadly used therapeutics has the benefit of allowing any 
researchers or clinicians using sequencing approaches to rapidly identify such sequences as 
therapeutic-derived rather than host or infectious in origin. 


For this work, RNAs were obtained as discards from the small portions of vaccine doses that 
remained in vials after immunization; such portions would have been required to be 
otherwise discarded and were analyzed under FDA authorization for research use. To obtain 
the small amounts of RNA needed for characterization, vaccine remnants were 
phenol-chloroform extracted using TRIzol Reagent (Invitrogen), with intactness assessed by 
Agilent 2100 Bioanalyzer before and after extraction. 


Although our analysis mainly focused on RNAs obtained as soon as possible following 
discard, we also analyzed samples which had been refrigerated (~4 °C) for up to 42 days with 
and without the addition of EDTA. Interestingly a substantial fraction of the RNA remained 
intact in these preparations. We note that the formulation of the vaccines includes numerous 
key chemical components which are quite possibly unstable under these conditions-- so these 
data certainly do not suggest that the vaccine as a biological agent is stable. But it is of 
interest that chemical stability of RNA itself is not sufficient to preclude eventual 
development of vaccines with a much less involved cold-chain storage and transportation. 


For further analysis, the initial RNAs were fragmented by heating to 94°C, primed with a 
random hexamer-tailed adaptor, amplified through a template-switch protocol (Takara 
SMARTerer Stranded RNA-seq kit), and sequenced using a MiSeq instrument (Illumina) with 
paired end 78-per end sequencing. As a reference material in specific assays, we included 
RNA of known concentration and sequence (from bacteriophage MS2). 


From these data, we obtained partial information on strandedness and a set of segments that 
could be used for assembly. This was particularly useful for the Moderna vaccine, for which 
the original vaccine RNA sequence was not available at the time our study was carried out. 
Contigs encoding full-length spikes were assembled from the Moderna and Pfizer datasets. 
The Pfizer/BioNTech data [Figure 1] verified the reported sequence for that vaccine 
(https://berthub.eu/articles/posts/reverse-engineering-source-code-of-the-biontech-pfizer-v 
accine/), while the Moderna sequence [Figure 2] could not be checked against a published 
reference. 


RNA preparations lacking dsRNA are desirable in generating vaccine formulations as these 
will minimize an otherwise dramatic biological (and nonspecific) response that vertebrates 
have to double stranded character in RNA (https://www.nature.com/articles/nrd.2017.243). 
In the sequence data that we analyzed, we found that the vast majority of reads were from the 
expected sense strand. In addition, the minority of antisense reads appeared different from 
sense reads in lacking the characteristic extensions expected from the template switching 
protocol. Examining only the reads with an evident template switch (as an indicator for 
strand-of-origin), we observed that both vaccines overwhelmingly yielded sense reads 
(>99.99%). Independent sequencing assays and other experimental measurements are 
ongoing and will be needed to determine whether this template-switched sense read fraction 
in the SmarterSeq protocol indeed represents the actual dsRNA content in the original 
material. 


This work provides an initial assessment of two RNAs that are now a part of the human 
ecosystem and that are likely to appear in numerous other high throughput RNA-seq studies 
in which a fraction of the individuals may have previously been vaccinated. 
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Figure 1: Spike-encoding contig assembled from BioNTech/Pfizer BNT-162b2 
vaccine. Although the full coding region is included, the nature of the methodology used for 
sequencing and assembly is such that the assembled contig could lack some sequence from 
the ends of the RNA. Within the assembled sequence, this hypothetical sequence shows a 
perfect match to the corresponding sequence from documents available online derived from 
manufacturer communications with the World Health Organization [as reported by 
https://berthub.eu/articles/posts/reverse-engineering-source-code-of-the-biontech-pfizer-va 
ccine/]. The 5’ end for the assembly matches the start site noted in these documents, while 
the read-based assembly lacks an interrupted polyA tail (A30(GCATATGACT)A70) that is 
expected to be present in the mRNA. 


Figure 2: Spike-encoding contig assembled from Moderna mRNA-1273 vaccine. 
This is a partial sequence of the vaccine RNA. Although the full coding region is included, the 
assembled contig could lack some sequence from the ends of the RNA. 
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Figure 2: Spike-encoding contig assembled from Moderna mRNA-1273 vaccine. 
DiCelelMVlece T6Gleerecereec ec Tecics 
GCAGCCAGTGCGT GRACGIGACE NEC CCCACCCACENIECEAC CCE CAC ACE AAEAC CIE NCCCCCECCCIE le MACeeeCACAAGeH 
GiHi@eccCAGeAceGleenceACAGeACe CAGCCACCIGMIEELCCCCILUCTICACCAACECICACCIECG ME CACC ECAMECACCIGAGCEGEE 
ACCAACGGCACCAAGCGGT TCGACAACCCCGTGCTGCCCTTCAACGACGGCGTGTACTTCGCCAGCACCGAGAAGAGCAACATCATCCGGG 
GCTGGATCTTCGGCACCACCCTGGACAGCAAGACCCAGAGCCT GCTGATCGTGAATAACGCCACCAACGTGGTGATCAAGGTGTGCGAGTT 
CCAGTTCTGCAACGACCCCTTCCTGGGCGTGTACTACCACAAGAACAACAAGAGCT GGATGGAGAGCGAGT TCCGGGTGTACAGCAGCGCC 
AACAACTGCACCTTCGAGTACGTGAGCCAGCCCTTCCTGATGGACCT GGAGGGCAAGCAGGGCAACTTCAAGAACCTGCGGGAGTTCGTGT 
TCAAGAACATCGACGGCTACTTCAAGATCTACAGCAAGCACACCCCAATCAACCTGGTGCGGGAT CT GCCCCAGGGCTTCTCAGCCCTGGA 
CECCCTLEET ECAC ECTECCCARCECCCATEAACALCAC CECE TLE CACACECCIGCLEEC CELE CACC ECCAGCE LAC CMCAC CE CACECECACACE 
AGCAGCGGGTGGACAGCAGGCGCGGCTGCTTACTACGTGGGCTACCTGCAGCCCCGGACCTTCCTGCTGAAGTACAACGAGAACGGCACCA 
TCACCGACGCCGTGGACTGCGCCCTGGACCCTCTGAGCGAGACCAAGTGCACCCTGAAGAGCT TCACCGTGGAGAAGGGCATCTACCAGAC 
CAGCEAACTTECCECCTECAGCEC CACC EACACEALC CLE CCG ELEC CCAACATCACCARCCLETLECCC CMM CECCCACCIGRLECAACECECACE 
CGGTTCGCCAGCGTGTACGCCTGGAACCGGAAGCGGATCAGCAACTGCGTGGCCGACTACAGCGT GCTGTACAACAGCGCCAGCTTCAGCA 
CEMUCAAGTIGCCTACGCGCEIGAGECECACCAAG EH GAACGCACCILETECCTLEACCAACGTIGTACGCECGACACCITCGIGATCECECIGGEGACGA 
GGTGCGGCAGATCGCACCCGGCCAGACAGGCAAGATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGG 
AACAGCAACAACCTCGACAGCAAGGT GGGCGGCAACTACAACTACCTGTACCGGCTGTTCCGGAAGAGCAACCTGAAGCCCTTCGAGCGGG 
AGATCAGEACECEAGCAT CRAG CAAGCCEECECTECACE CETTE CARE CCE GLECGACECECE LE CARCICC LAC IMEC ELE LE CAGCACELACEGCC 
CEACC ECAC CAA CGC CCT GCCCCLAC CAC EC CACC CCIGCGLECIECCICAGEMICCAGCENGCELE CACCECCCACECACCEIGIGIECCEECE 
AAGAAGAGCACCAACCTGGTGAAGAACAAGTGCGTGAACTTCAACTTCAACGGCCTTACCGGCACCGGCGTGCTGACCGAGAGCAACAAGA 
AATEC CIC CeliENEACCAGCTTEGGCEEECACAT ECC CECACACEACECACEGCLGIECS EGATECECAGACE CTE CACATECTECACAT CAC 
CCC ETCCACCIMC GEC CECCECREACC CTEAT CACC ECACC ECACERACACCAGEAAC CAGE LECCE CCTGCRETACECAGCCACELCAACTECACE 
GAGGTGCCCGTGGCCATCCACGCCGACCAGCTGACACCCACCTGGCGGGTCTACAGCACCGGCAGCAACGTGTTCCAGACCCGGGCCGGTT 
GCCTGATCGGCGCCGAGCACGTGAACAACAGCTACGAGTGCGACATCCCCATCGGCGCCGGCATCTGTGCCAGCTACCAGACCCAGACCAA 
TTCACCCCGGAGGGCAAGGAGCGTGGCCAGCCAGAGCATCATCGCCTACACCATGAGCCTGGGCGCCGAGAACAGCGTGGCCTACAGCAAC 
AACAC CAT ECE CATECECACCAACTLEAC CARCAGEECREAC ECAC CCACAMCLGECECEIGCACEALEACCAAGACEACCEGNGEACLECACEA 
TGTACATCTGCGGCGACAGCACCGAGTGCAGCAACCTGCTGCTGCAGTACGGCAGCTTCTGCACCCAGCTGAACCGGGCCCTGACCGGCAT 
CGCCGTGGAGCAGGACAAGAACACCCAGGAGGTGTTCGCCCAGGTGAAGCAGATCTACAAGACCCCTCCCATCAAGGACTTCGGCGGCTTC 
AACTTCAGCCAGATCCTGCCCGACCCCAGCAAGCCCAGCAAGCGGAGCT TCATCGAGGACCTGCTGTTCAACAAGGTGACCCTAGCCGACG 
CCCCCRICATECAACEACTACCEE CACTI EC CIC CEE CACATAGCEC CCE CCECECACCIECATE LEE ECEECAGAACTLCAACEECCCUGCACCELGEE 
CECE CECT ECT GAC E CAC GCAGAT CATE CEE CAC TACACCACE CC CELGIIAGCEECCAAEC CAL CACECAGECECCIGCACIT LE CGCECTLGEA 
GECCCICIGECAGATCCCCIMUC CEC ECATCEAGCATGGEGCELAC EGGT ICAACGGCATCCCEGT GACCCAGAACECT CCIGIACGAGAAECEAGAAGCE 
TGATCGCCAACCAGT TCAACAGCGCCATCGGCAAGATCCAGGACAGCCT GAGCAGCACCGCTAGCGCCCTGGGCAAGCTGCAGGACGTGGT 
GAACCAGAACGCCCAGGCCCTGAACACCCTGGTGAAGCAGCTGAGCAGCAACT TCGGCGCCAT CAGCAGCGTGCTGAACGACATCCTGAGC 
CGGCTGGACCCTCCCGAGGCCGAGGTGCAGATCGACCGGCTGATCACTGGCCGGCTGCAGAGCCT GCAGACCTACGTGACCCAGCAGCTGA 
TCCGGGCCGCCGAGAT TCGGGCCAGCGCCAACCTGGCCGCCACCAAGAT GAGCGAGTGCGTGCTGGGCCAGAGCAAGCGGGTGGACTTCTG 
CGGCAAGGGCTACCACCTGATGAGCTTTCCCCAGAGCGCACCCCACGGAGTGGTGTTCCTGCACGTGACCTACGTGCCCGCCCAGGAGAAG 
AACTREACCACCECCEC CAE CATENGCECACECACEECAACEECCAC LECCE CC CEACE CC CIE ELC Cle AGC CANE CECACCCACTECEIMICE 
TGACCCAGCGGAACTTCTACGAGCCCCAGATCATCACCACCGACAACACCT TCGTGAGCGGCAACTGCGACGTGGTGATCGGCATCGTGAA 
CAACACCGTGTACGATCCCCTGCAGCCCGAGCTGGACAGCT TCAAGGAGGAGCT GGACAAGTACT TCAAGAATCACACCAGCCCCGACGTG 
GACCTGGGCGACATCAGCGGCATCAACGCCAGCGT GGT GAACATCCAGAAGGAGAT CGATCGGCT GAACGAGGT GGCCAAGAACCTGAACG 
AGAGCCTGATCGACCTGCAGGAGCTGGGCAAGTACGAGCAGTACATCAAGTGGCCCTGGTACATCTGGCTGGGCTTCATCGCCGGCCTGAT 
CECECCATCETCATGCCICACCAREALCCTIEGTECTLECATEACEACET CCIE CACELECeTECAACCECTCITGECACCTIE CCE CACCIEGCTECARE 
TTCGACGAGGACGACAGCGAGCCCGTGCTGAAGGGCGTGAAGCTGCACTACAC CHIGARAATAGGCTGGAGCCTCGGTGGCCTAGCTTCTTG 
CECERUCCECECCMECECECACE CECE CIE CEC MIC CUCeACEECTACECECC CCI LUG AATAAAGLELCAGCIGCGCECEGCGE AAAAZ AA 

















































































































































































































































































































































































































Green: Start Codon 

Yellow: Signal Peptide 
Orange: Spike encoding region 
Red: Stop codon(s) 
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